Aims/hypothesis. Advanced glycation and lipoxidation endproducts have been implicated in the pathogenesis of diabetic complications, including diabetic nephropathy. LR-90, a new advanced glycation endproduct inhibitor, was investigated for its effects on the development of renal disease in diabetic rats. Methods. Diabetic animals were randomly allocated into groups receiving LR-90 or vehicle (untreated). Age-and weight-matched non-diabetic rats were studied concurrently. Body weight, plasma glucose, glycated haemoglobin, urinary albumin and creatine excretions were measured serially. Kidney histopathology, AGE accumulation in cells and tissues, protein oxidation, were also examined. In vitro assays were used to assess the possible mechanism of action of LR-90. Results. LR-90 inhibited the increase in albumin and creatinine concentrations, and concentrations of circulating AGE in diabetic rats without any effect on glycaemic control. LR-90 treated-rats also showed higher body weights than untreated diabetic rats. LR-90 prevented glomerulosclerosis, tubular degeneration and collagen deposition in the kidney. AGE-induced crosslinking and fluorescence of tail collagen were reduced by LR-90 treatment. LR-90 also decreased AGE accumulation in kidney glomeruli and nitrotyrosine deposition in the renal cortex. In vitro, LR-90 was capable of reacting with reactive carbonyl compounds and was a more potent metal chelator than pyridoxamine and aminoguanidine. Conclusion/interpretation. LR-90 reduces in vivo AGE accumulation, AGE-protein cross-linking and protein oxidation, and could be beneficial in preventing the progression of diabetic nephropathy. The AGE inhibitory and therapeutic effects of LR-90 could be attributed, at least in part, to its ability to react with reactive carbonyl species and/or potent metal chelating activity that inhibits glycoxidative-AGE formation.
Advanced glycation/lipoxidation endproducts (AGE/ ALE) are a complex, heterogeneous, sugar/lipid derived irreverible protein modifications that have been implicated in the pathogenesis of diabetic complications, atherosclerosis, Alzheimer's disease and in the process of normal aging [1, 2, 3, 4, 5] . Both AGE and ALE are formed by carbonyl amine chemistry between protein residues and RCS. These RCS are constantly produced by the metabolism of carbohydrates, lipids and amino acids in the body [6, 7] .
Both oxidative and non-oxidative pathways could form AGE. Autooxidation of glucose and oxidation of glycated residues are potent sources of free radicals that are enhanced in hyperglycaemia and might be the primary culprits in tissue damage. These reactions are catalysed by low concentrations of transition metals, particularly iron and copper, which are normally in a bound state but whose homeostasis could be compromised by diabetes and Alzheimer's disease [8, 9, 10] .
Oxidative stress is widely recognized as a key component in the development of diabetic complications. Increased ROS activity results in the production of AGE/ALE, increasing oxidative stress both in vitro and in vivo [6, 11, 12, 13] . Accumulation of AGE and ALE is believed to increase the rate of chemical modification and cross-linking of tissue proteins, which in diabetes, contributes to the development of various diabetic complications.
Nephropathy is one of the most common complications of diabetes. In its early phase, the disease is characterized by increased albuminuria, glomerular hypertrophy and nephromegaly, followed by mesangial expansion, glomerulosclerosis and increased serum creatinine, and culminating in end-stage renal disease [14, 15, 16, 17] . AGE and AGE cross-links have been proposed as contributing factors in the development and progression of diabetic nephropathy [18, 19] . Immunohistochemical observations in diabeticrat models have shown AGE accumulation in the glomerular extracellular matrix [19, 20] . In human diabetic patients, the accumulation of AGE, in particular, CML, pentosidine and malondialdehyde in glomerular lesions, is related to disease severity and in the presence of an up-regulated receptor for AGE (RAGE) in podocytes [21, 22] . The toxic effects of these AGE result from structural and functional alterations in plasma and extracellular matrix (ECM) proteins, in particular, from cross-linking of proteins and interaction of AGEs with their receptors and/or binding proteins. This leads to enhanced formation of reactive oxygen species with subsequent activation of NF κ B and release of pro-inflammatory cytokines, growth factors, and adhesion molecules [16, 23, 24] . AGE accumulation in collagen, a long-lived structural protein in the extracellular matrix region of the kidney, is thought to effect changes in elasticity, ionic charge, thickness and turnover of basement membrane components [25] . These increase the number of large openings in the meshwork of the membrane, which further lead to an impairment of renal function.
A number of natural or synthetic compounds such as AGE inhibitors have been proposed, discovered or are currently being advanced [26, 27] . These AGE inhibitors exhibit two possible modes of action: attenuation of total AGE loads to prevent pathophysiological affects, and by chemical modifications of existing AGE structures and intermediates to non-active forms. Aminoguanidine (AG) was the first compound designed to inhibit AGE formation and cross-linking in vitro and in vivo, and has currently undergone Phase III clinical trials [28, 29] . In vitro and animal models have shown the potential of other agents to reduce AGE accumulation. These include antioxidants such as vitamin E and lipoic acid, vitamin B1 derivatives and pyridoxamine, OPB-9195, ALT-946, metformin, teniseltam and EF655 [30, 31, 32, 33, 34, 35, 36, 37] . AGE cross-link breakers such as PTB and its derivative ALT-711 were also reported effective in vitro and in several animal studies [38, 39] .
In the past seven years, our laboratory has been involved in the design and synthesis of compounds with possible AGE inhibitory effects. These aromatic compounds, mostly derivatives of aryl (and heterocyclic) ureido, and aryl (and heterocyclic) carboxamido phenoxy isobutyric acids, were screened and evaluated using several well-established in vitro assay methods. From these screens, 29 new compounds (out of 102) with AGE-inhibitory activities were developed [27, 40, 41] . Using various fluorescence and immunological techniques, these compounds were found to be multistage glycation inhibitors. Furthermore, LR-90 ( Fig. 1) and some other compounds were more effective than pyridoxamine and aminoguanidine in vitro.
Earlier studies have reported that treatment of AGE inhibitors can confer renoprotection on diabetic rats and prevent development of diabetic nephropathy [35, 36, 37, 42, 43) . In this study, we aim to show the efficacy of using the new AGE inhibitor LR-90 in the treatment of experimental diabetes and to determine its potential in preventing the development of renal disease in a diabetic animal model. In addition, we examined whether the compound's therapeutic activity is dependent, at least in part, to its ability to react with RCS and chelate metal ions in glycoxidative AGE formation. 
Materials and methods
Materials. Male Sprague-Dawley rats (~175 to 200 g) were obtained from Charles River Laboratories (Wilmington, Mass., USA). Streptozotocin, pepsin, papain, HCl, acetic acid, chloramine-T trihydrate, p-dimethylamino-benzaldehyde, trans-4-hydroxyproline, citric acid monohydrate, 1-propanol, phosphate buffer saline mix (pH 7.4), p-nitrophenyl phosphate, ED-TA, and rabbit anti-rat IgG were obtained from Sigma Chemicals (St. Louis, Mo., USA). Perchloric acid was purchased from Mallindckrodt (Paris, Ky., USA). The clinical assay kits (Nephrat and Creatinine Companion kits) were from Exocell (Philadelphia, Pa., USA). Monoclonal anti-AGE antibody (6D12) was obtained from Cosmo Bio (Tokyo, Japan). LR-90, (methylene bis [4,4′-(2-chlorophenylureidophenoxyisobutyric acid)]) was synthesized by Dr. I. Lalezari (Chemiphar, Scarsdale, N.Y., USA). Unless otherwise noted, all immunohistochemical reagents were from DAKO (Carpinteria, Calif., USA).
Animal studies. All animal care, procedures and protocols were followed according to the policies outlined in "The Guide for the Care and Handling of Laboratory Animals" (NIH Publication No. 85-23) which have been approved by the City of Hope National Medical Center Research Animal Care Committee. After a one-week adaptation period, rats were rendered diabetic by intraperitoneal injection of STZ (65 mg/kg in citrate buffer, pH 4.5) after an overnight fast. Non-diabetic animals were injected with the buffer only. Diabetes was confirmed by measuring the plasma glucose concentrations 7 days after STZ-injection. Only animals with plasma glucose concentration of more than 20 mmol were classified as diabetic and were used in the study. These diabetic rats were divided randomly into untreated diabetic control group and a diabetic treatment group receiving LR-90 at 50 mg/l in their drinking water. All animals were house individually and were given free access to food (Purina rodent chow 5001, Ralston Purina, Richmond, Ind., USA) and water. Every 8 weeks, blood (from the tail vein) and urine samples were collected from rats for glycaemic control analysis and albuminuria measurements.
Glycaemic control measurements. Glycaemia was monitored every 8 weeks by measuring plasma glucose and glycated haemoglobin. Plasma glucose was measured using a glucose analyser machine (YS1 2300, YSI, Yellow Springs, Ohio, USA). Glycated haemoglobin was measured by HPLC (Biorad, Hercules, Calif., USA).
Renal function. Progression of renal dysfunction was assessed by measuring urinary albumin to creatinine ratio (UA/Cr) and serum creatinine every 8 weeks. For urinary albumin and creatinine concentrations, rats were housed in metabolic cages (Nalgene, Nalge, Rochester, N.Y., USA) for 24 h and urine was collected in a collection beaker with several drops of toluene to inhibit microbial growth. Urinary albumin was quantified immunologically using the Nephrat kit and urinary creatinine was measured by the Creatinine Companion kit. Serum creatinine was measured using the Sigma kit No. 555-A.
Necropsy and tissue collection. At 32 weeks, the rats were weighed and anaesthetized with metofane, and blood was drawn by heart puncture and transferred into heparinized and non-heparinized vacutainer tubes on ice. These blood samples were later centifuged for plasma and serum collection respectively, and stored at −70°C until the time of analysis. Rats were killed by over-anesthetization and cardiac puncture and the kidneys were removed immediately, weighed, decapsulated and rinsed in PBS buffer. Sections of the kidneys were stored in 10% NBF for subsequent microscopic examinations and immunohistochemistry. The tail of each individual rat was cut, removed and stored in 50 ml conical tubes at −70°C before the analysis.
Serum and IgG AGE measurements. Serum AGE was measured according to [44] and quantified using polyclonal R6/9 anti-AGE RNAse antibodies [40] . IgG cross-linked to the surface of RBC was determined with an anti-IgG antibody by a modification of the method described by [38] . Briefly, heparinized blood was centifuged at 200 g for 5 min and the RBC were washed thrice with PBS and packed with a final centrifugation of 500×g. The cells were then diluted 1:100 with PBS and 50 µl aliquot was added to wells of a 96-well Multiscreen Millipore microplate (Millipore, Bedford, Mass., USA) that was first blocked by Superblock buffer (Pierce Chemicals, Rockford, Ill., USA). Then 50 µl of polyclonal rabbit anti-rat IgG conjugated to alkaline phosphatase (diluted 1:2500) was added to the wells and the microplate was incubated at room temperature for 2 h. After incubation, the RBC were washed with PBS three times and once with 50 mmol/l Tris-buffered saline, pH 8.0, and 100 µl of p-nitrophenyl phoasphate substrate was added and incubated at room temperature. After 30 min, absorbance was measured at 410 nm using a microplate reader.
Isolation and analysis of tail tendon collagen. Isolation and preparation of tail tendon collagen was done according to [45] . The relative degree of cross-linking and AGE formation in collagen was assessed by the following methods:
Pepsin digestion. Total pepsin digestion was done as described previously [46] . Collagen samples of 10 mg from individual rats were digested with pepsin (50 µg/ml in 0.5 mol/l acetic acid) for 24 h at 37°C. After digestion, the samples were centrifuged at 3000 rpm for 30 min at 4°C and the clear supernatant containing the digested collagen was collected. A total of 100 µl aliquot of the supernatant were mixed with 900 µl PBS buffer and the fluorescence of the sample was quantified at 365 nm excitation and 418 nm emission using a Hitachi F-2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). The hydroxyproline content of the supernatant was determined following acid hydrolysis using a microassay method of [47] .
Papain digestion. Papain digestion was done as described previously [48] . Collagen samples of 5 mg from individual rats were digested with 500 µl papain solution (2.5 units/ml papain in 50 mmol/l phosphate buffer, pH 6.5, 2 mmol/l L-cysteine and 2 mmo/l EDTA) for 2 h at 65°C for 24 h at 37°C. After digestion, the samples were centrifuged at 18,000 rpm for 60 min at 4°C and the clear supernatant containing the digested collagen was collected. At total of 100 µl aliquot of the supernatant were mixed with 900 µl PBS buffer and the fluorescence of the sample was quantified at 370 nm excitation and 440 nm emission using a fluorescence spectrophotometer. The hydroxyproline content of the supernatant was also determined following acid hydrolysis as indicated above.
Acid solubility. The solubility of tail tendon collagen was measured by a modification of the method outlined in [45] . Briefly, 2 mg of collagen samples were weighed and digested with pepsin (5 µg pepsin/mg collagen in 1 mmol/l acetic acid) for 1.5 h at 4°C. After digestion, the samples were centrifuged at 18,000 rpm for 60 min at 4°C. The supernatant was collected and both the volume of the supernatant and pellet were determined. Aliquots (100 µl) of the supernatant and all of the pellets were acid hydrolyzed and analysed for their hydroxyproline content, which was assumed to make up 14% collagen by weight. The recoverable collagen was defined as the sum of collagen in the supernatant and pellet after digestion and percent solubility was defined as the amount of collagen in the supernatant fraction in relation to the total recoverable collagen [45] .
Glomerulosclerosis, cortical tubule degeneration and cellular infiltrates. Glomerulosclerosis was defined as glomerular basement membrane thickening, mesangial hypertrophy, and capillary occlusion [49] . For quantifying glomerulosclerosis, kidney sections were stained with periodic acid Schiff (PAS) reagent. A total of 150 glomeruli were randomly chosen from each rat kidney (four different kidneys per treatment) and carefully graded for sclerosis, whereby the evaluator did not have prior knowledge of the identity of each kidney. The degree of sclerosis in each glomerulus was graded subjectively on a scale of 1 to 4: grade 1, sclerotic area less than 25%; grade 2, sclerotic area 25-49%; grade 3, sclerotic area 50-74%; and grade 4, sclerotic area less than 75%. The glomerulosclerotic index (GSI) was then calculated using the following formula:
where Fi is the percentage of glomeruli in the rat with a given score of (i) [49] .
Cellular infiltrates were identified in the renal interstitium from 5 µm-thick kidney sections stained with PAS. Infiltrates in each kidney sample were graded as follows: + (patchy and light), ++ (patchy and dense), +++ (diffuse and dense with aggregates of neutrophils in tubules or in interstitium). As with the GSI calculation, the evaluator had no prior knowledge of the identity of the kidney sections to be graded.
For collagen deposition staining in the kidneys, paraffin sections were randomly chosen from kidneys from each treament group and stained with Masson's trichrome. Briefly, the sections were deparaffined, hydrated with water, and immersed in Mordant in Boiuin's solution for 10 min. The sections were then rinsed in water and stained with Mayer's haematoxylin for 6 min. After rinsing in water, Biebrich scarlet-acid fuchsin was added for 2 min, rinsed, phosphomolybdic-phosphotungstic solution added for 15 min, followed by aniline blue solution for 10 min. After rinsing the sections with water, glacial acetic acid was added for 20 s and then the slides dehydrated with 95% ethanol. Blue and red colors indicate collagen and cytoplasm staining, respectively. Degenerated tubules were identified by the absence of cytoplasm.
Renal morphometry. Formalin-fixed samples of kidneys from each group were post-fixed with 2% glutaraldehyde overnight in cacodylate buffer. Sections were cut to 1 µm thickness and stained with Toluidine Blue. Then 80 nm sections were cut with a diamond knife, picked up on formvar coated-carbon coated slot copper grids and stained with 5% aqueous uranyl acetate for 15 min, followed by 2 min on a drop of lead citrate. The grids were observed and photographed with a Philips CM-10 transmission electron microscope (Philips Electronics, Mahwah, N.J., USA) and the images were used to determine the width of the glomerular basement membrane and mesangial expansion.
Immunohistochemistry, for AGE For immunohistochemical-AGE staining, formalin-fixed parafilm embedded section cuts (2 µm thick) were mounted on slides coated with 2-aminopropyltriethoxy silane, baked for 3 h at 58°C, deparaffinized, rinsed with 3% hydrogen peroxide, and incubated with Proteinase K (0.5 mg/ml) for 5 min at room temperature. These sections were washed with rinse buffer and blocked with Protein Blocking Agent for 5 min and subsequently incubated with 6D12 anti-AGE mouse monoclonal antibody for 30 min at room temperature. After washing with rinse buffer, the sections were incubated with EnVision + labelled polymer peroxidase-conjugated mouse anti-IgG for 30 min at room temperature, followed by detection with 3, 3'-diaminobenzidine tetrahydrochoride solution as chromogen and 50% haematoxylin as counterstain.
Immunohistochemical detection of nitrotyrosine.
A method for nitrotyrosine detection in kidneys was reported previously [50] and followed in this study with little modification. Briefly, formalin-fixed kidney sections (5 µm thick) taken from representative rats from each treatment group at 32 weeks were mounted on slides, dewaxed and hydrated. After incubation with Proteinase K for 10 min, sections were incubated in 3% hydrogen peroxide for 20 min, blocked with normal porcine serum for 20 min, and then stained with rabbit polyclonal anti-nitrotyrosine antibodies (Upstate Biotechnology, Lake Placid, N.Y., USA) for 1 h. After rinsing with DAKO rinse buffer, sections were incubated with biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, Calif., USA) for 25 min, followed by incubation with avidin-biotin horse-radish peroxidase complex (Vectastain ABC Elite Kit, Vector Laboratories) for 25 min. Localization of peroxidase conjugates was revealed using diaminobenzidine tetrahydrochloride (DAB) solution as chromogen and 50% haematoxylin as counterstain.
Inhibition of copper-catalyzed oxidation of ascorbic acid. This assay was carried out according to [51] , which measures the kinetics of copper-catalyzed oxidation of ascorbic acid (AA) in vitro. Briefly, CuCl 2 and various concentrations of LR-90 were pre-incubated in chelex-treated 20 mmol/l phosphate buffer, pH 7.4, for 5 min, then ascorbic acid was added (50 µl of 10 mmol/l in water) to initiate the reaction (1 ml total reaction volume). The final concentration of CuCl 2 and ascorbic acid in the reaction were 500 nmol/l and 500 µmol/l, respectively. Aliquots (135 µl) were removed at 0 and 60 min and transferred to autoinjector vials containing 15 µl of 10 mmol/l DTPA. Samples were analysed by RP-HPLC using Waters 2690 Separator Module and Millenium 32 software (Waters Corporation, Milford, Mass., USA), equipped with auto-injector using a XTerra RP18 column (250 mm×4.6 mm, 5 µm) and a XTerra RP18, 5 µm guard column. Solvents and gradient were all used as described [51] . The absorbance of ascorbic acid was measured at 244 nm and the peak area was determined to estimate the percent of ascorbic acid remaining versus time. The concentration of each inhibitor compound that inhibited the rate of AA oxidation by 50% (IC 50 ), was calculated with respect to the control using Prism (Graph Pad Prism, San Diego, Calif., USA).
Scavenging of carbonyl intermediates of AGE formation.
We evaluated the ability of LR-90 to interact with various RCS in vitro. Experimental procedures, incubation conditions, and determination of reactive-carbonyl and dicarbonyl groups were all done according to [52] . Briefly, 15 mmol/l of LR-90 was incubated with 10 mmol/l GO, MGO or GLA solutions. The concentrations of GO and MGO (after 24 h incubation) time were determined using Girard's reagent and the concentration of GLA (after 72-h incubation) was determined by the DNPH assay. Similar experiments were done using PM and metformin, two AGE inhibitors with carbonyl scavenger properties. Additionally, parallel experiments with carbonyl compounds incubated under the same conditions but without the inhibitor compound were used as controls for calculating the relative amount of remaining reactive carbonyl groups.
Data analyses. Statistical analyses were done by using GraphPad Prism (San Diego, Calif., USA). Data were first analysed by ANOVA and post hoc comparisons between group means were analysed using unpaired Student's t test. A p value of less than 0.05 was considered statistically significant. Data are presented as means ± SD unless otherwise indicated.
Results
Glycaemic control, animal weights and mortality. Diabetic rats had increased plasma glucose and glycated haemoglobin concentrations compared to the control rats (p<0.01, Table 1 ). Diabetes was also associated with reduced weight gain. Treatment of diabetic rats with LR-90 did not affect plasma glucose and glycated haemoglobin concentrations, but showed a slightly significant increase in weight compared to the diabetic control rats (p=0.037). Two rats from the diabetic control group did not reach the end of the 32-week study period and died from unknown causes, presumably due to diabetic complications, compared to only one from the LR-90 treated-rats. No mortality was recorded from non-diabetic control rats and those non-diabetic rats treated with LR-90.
Renal function. Both UA/Cr and serum creatinine concentrations were used as indicators of renal function. In contrast to non-diabetic control rats, urinary albumin increased with time in all diabetic groups. At 32 weeks, diabetic control rats had higher UA/Cr (p<0.01) and serum creatinine (p<0.01) than non-diabetic rats (Table 1) . LR-90 treatment inhibited the rise in UA/Cr, with about a 50% reduction in concentration compared to untreated diabetic rats. In addition, serum creatinine concentrations was decreased by LR-90 by more than 40% compared with diabetic control rats.
Serum and IgG AGE. Diabetic rats had about 5× higher concentrations of AGE in serum and in the surface of RBC compared to non-diabetic rats (p<0.05, Fig. 2 ). LR-90-treated rats showed less AGE in both serum and in the surface of RBC compared to untreated diabetic rats, reducing both AGE concentrations up to 40% toward the concentrations in non-diabetic control animals.
Collagen cross-linking and fluorescence. The concentrations of flourescent AGE in tail collagen as measured by both pepsin and papain digestions were increased about fourfold in diabetic rats compared to non-diabetic rats after 8 months of diabetes (Fig. 3) . LR-90-treated diabetic rats showed a reduction of fluorescence compared with untreated diabetic rats (24% and 17% for pepsin and papain digests, respectively), but was still higher than the concentrations observed in non-diabetic rats. Similarly, when collagen samples were analysed for acid solubility, diabetic rats showed fivefold less solubility than non-diabetic rats, and LR-90 treatment increased solubility by about 50% (Fig. 4) .
Kidney anatomy and histopathology. Mean kidney weights, both in absolute weight and as a fraction of Fig. 3 . Effects of diabetes and LR-90 treatment on levels of fluorescent AGE in tail tendon collagen digested with pepsin and papain. Tail tendon collagen was isolated and 10 mg of collagen samples from individual rats (n=4 per group) were digested with pepsin (50 µg/ml in 0.5 mol/l acetic acid) for 24 h at 37°C. The supernatants were analysed for fluorescence (excitation 365 nm and emission 418 nm) and hydroxyproline content. For papain digestion, 5 mg of collagen samples from individual rats (n=4 per group) were digested with 500 µl papain solution (2.5 units/ml papain in 50 mmol/l phosphate buffer, pH°6.5, 2 mmol/l L-cysteine and 2 mmol/l EDTA) for 2 h at 65°C. The supernatants were analysed for fluorescence (excitation 370 nm and emission 440 nm) and hydroxyproline content. Fluorescence was expressed as arbitrary units (AU)/µmol of hydroxyproline digested Fig. 4 . Effects of diabetes and LR-90 treatment on tail tendon solubility. Tail tendon collagen was isolated and 2 mg of collagen samples from each rat (n=4 per group) were weighed and digested with pepsin (5 µg/mg collagen in 1 mol/l acetic acid) for 1.5 h at 4°C. The supernatant and the pellet were analyzed for their hydroxyproline content (which was assumed to make up 14% of collagen by weight). Percent solubility was calculated as described in the Methods section Fig. 5 . GSI in kidneys from non-diabetic, diabetic and diabetic rats treated with LR-90. Formalin-fixed kidney sections (2 µm thick) taken from representative rats (n=4) from each treatment group at 32 weeks were mounted on slides and stained with periodic acid Schiff reagent. The degree of glomerular injury was calculated using GSI as described in Methods total body weight, were increased in diabetic rats compared to non-diabetic animals, but there were no statistically significant differences detected between LR-90 treatment and untreated diabetic control rats. Occasional cysts were observed in kidneys of diabetic control animals, but these were not increased in frequency in LR-90-treated rats. Moreover, there was no evidence of tumour growths in other major organs (heart, liver, intestines) from both untreated and LR-90-treated diabetic animals. No considerable ultrastructural abnormalities in kidneys were detected from the non-diabetic rats, except for a few thickened basement membranes and a few cases of glomerulosclerosis (Fig. 5) . Most of the glomeruli showed a normal ultrastructural appearance with normal cellularity, a normal mesangium, and a basement membrane of about 150 nm as revealed by TEM. No cellular infiltrates were detected in the renal interstitium from these animals ( Table 2 ). In untreated diabetic rats, TEM data indicated that many glomeruli showed thickened basement membranes (about 270 nm) with markedly increased cellularity and increased mesangial cells and matrix, and this was reflected by an increased GSI (Fig. 5) . Also, there were a number of cellular infiltrates observed, including dense aggregates of lymphocytes and neutrophils (Table 2) . Dia-betic rats treated with LR-90 also showed an increase in cellularity, although less markedly than that of untreated diabetic animals. Only lymphocytes were observed in the renal interstitium (Table 2 ). In addition, there was less glomerular damage, thinner basement membrane (~240 nm), and lower GSI than untreated diabetic rats (p<0.05, Fig. 5 ). Moreover, both collagen deposition (blue color) in the tubulointerstitium and glomeruli, and the number of degenerate tubules (identified by the absence of cytoplasm or reddish color), were increased in diabetic rats compared with the non-diabetic control rats, and LR-90 treatment reduced the amount of collagen staining and frequency of degenerate tubules to an almost similar extent to that of the non-diabetic control rats (Fig. 6) .
Immunohistochemistry for AGE. Immunohistochemical staining for AGE in rat kidney showed that there was widespread staining for AGE in the kidney glomeruli and the cortical tubules in diabetic rats compared with the non-diabetic control rats (Fig. 7A,B) . Treatment of LR-90 visibly reduced the AGE deposited in these regions (Fig. 7C) .
Nitrotyrosine staining. Nitrotyrosine, a marker for protein oxidation, was used as an index of oxidative tissue damage caused by reactive nitrogen species. Nitrotyrosine was predominantly detected in the renal tubules and few stainings were visible in the glomeruli (Fig. 8) . Increased nitrotyrosine staining was observed in the renal tubules of diabetic rats compared with non-diabetic animals, and LR-90 treatment of diabetic animals attenuated this increased staining.
Metal chelation activity.
Comparisons of the Cu 2+ chelating activity of LR-90 with AG and PM are shown (Fig. 9) . In this assay, the IC 50 values of LR-90, PM and AG were 275 µmol/l, 1250 µmol/l, 2750 µmol/l, respectively. These results indicate that in vitro, LR-90 was a more potent metal chelator than both known AGE inhibitors AG and PM.
Reaction of LR-90 with RCS.
Because most AGE inhibitors are known to interact with several RCS intermediates of AGE/ALE formation, we tested whether LR-90 can also interact with these compounds in vitro. The carbonyl and dicarbonyl trapping activities of LR-90 compared with AGE inhibitors with known carbonyl scavenger activity such as PM and metformin are shown (Fig. 10) . LR-90 reacted with all three RCS, and was noticeably more reactive than PM with MGO. Using various concentrations of LR-90 a similar test indicated that the new compound interacts with these RCS in a concentration-dependent manner.
Discussion LR-90 belongs to a group of new aromatic compounds derived from LR-16, a compound that acts as an allosteric effector synergistic with 2,3-bisphosphoglycerate in increasing the oxygen affinity of haemoglobin molecules, and which was also shown to lower serum chlolesterol and low-density lipoproteins (LDL) in rats [53] . Our previous in vitro studies documented that LR-90 inhibits AGE formation, and also showed that this compound is a more potent inhibitor of AGEprotein cross-linking and post Amadori-derived AGE than aminoguanidine and pyridoxamine [27, 41] . Over the last decade, evidence has accumulated implicating AGE and AGE-protein cross-linking as a major factor in the pathogenesis of diabetic nephropathy. Administration of AGE to non-diabetic rats leads to glomerulosclerosis and albuminuria, indicating that AGE alone could be sufficient to cause renal injury in diabetes [19] . Our present studies showed that LR-90-treated diabetic rats showed statistically significant improvement in renal function in terms of development of proteinuria and reduction in creatinine excretion. Histochemical observations indicate that LR-90 reduced the incidence of glomerulosclerosis, cortical tubule degeneration and collagen deposition in the kidney compared to untreated diabetic rats. LR-90 treatment also effectively inhibited the increase of serum AGE and the in situ accumulation of immunoreactive AGE in collagen tissues and kidneys of diabetic rats. These results are consistent with previous in vivo Fig. 7 . Comparison of immunohistochemical staining for AGE in renal glomeruli and mesangial matrix. Formalin-fixed kidney sections (2 µm thick) taken from representative rats from each treatment group at 32 weeks were mounted on slides and baked for 3 h at 58°C. The slides were deparaffinized and rinsed with 3% hydrogen peroxide for 5 min. Proteinase K (0.5 mg/ml) was added for 5 min and the sections were blocked with serum-free Protein Blocking Agent. Primary antibody (anti-AGE monoclonal 6D12 diluted 1:100) was then added for 30 min, followed by peroxidase-labelled polyclonal anti mouse IgG antibody for 30 min. Localization of peroxidase conjugates was revealed using diaminobenzidine tetrahydrochloride (DAB) solution as chromogen and haematoxylin as counterstain. The loss of carbonyl moieties in the course of reaction was measured spectrophotometrically using either Girard's T reagent (GO, MGO) or DNPH (GLA). Parallel experiments with RCS incubated under the same conditions but without the inhibitor compounds were used as reference for calculating the relative amount of remaining reactive carbonyl groups 49]. We also found that LR-90-treated rats weigh more than untreated diabetic animals, and few rats in this treatment group were observed to still contain some amount of fat deposits in their body wall (which was completely absent from untreated diabetic animals). This action of LR-90 is currently unexplained since the compound had no effect on blood glucose and concentrations of glycated haemoglobin. These findings suggest that this compound could have some other metabolic effects other than inhibiting AGE formation.
Although aldose and ketose sugars were originally thought to be the sole precursors of AGE, current research indicate that RCS generated from carbohydrate, lipid and amino acid metabolisms such as MGO, GO, GLA, dehydroascorbate, 3-deoxyglucosone and malondialdehyde, are even more reactive and are potent precursors of AGE formation and protein cross-linking [6, 7, 8, 9, 10, 54, 55, 56] . Known AGE inhibitors with renoprotective effects such AG, PM, and OPB-9195 are thought to prevent AGE accumulation by interacting with these highly reactive RCS and acting as carbonyl traps, thereby limiting oxidative damage to tissues. AG reacts with α-dicarbonyls GO, MGO and 3-deoxyglucosone to form triazine derivatives [57, 58] , whereas PM was recently shown to interact and form adducts with GO, GLA, and MGO [52, 59] . It has also been suggested that the chelating activity of AGE inhibitors and breakers at therapeutic concentrations could contribute to their inhibition of AGE formation and protection against development of diabetic complications [51] .
The mechanism of action of LR-90 is still not clear, but our in vitro studies indicate that it is a potent chelator of Cu 2+ (more potent than AG and PM) and it inhibits oxidation of ascorbic acid to dehydroascorbate. It also has the ability to interact with several RCS such as GO, MGO and GLA, compounds that readily modify lysine, arginine and cysteine residues on proteins. It is therefore likely that the carbonyl trapping properties of LR-90, and/or possibly its metal chelating activity which can interfere with glycoxidative AGE formation, is mediating the renoprotective effect of this compound. Although we have not yet identified the products or adducts between LR-90 and these RCS, we have observed in vitro that this compound rapidly reacts with GO, MGO and GLA, and also prevents formation of protein cross-links derived from MGO-lysozyme interaction.
Recent in vitro and in vivo studies indicate that CML and AGE-albumin can induce NF κ B activation in proximal endothelial cells, perpetuating an increase in pro-inflammatory gene products that can damage the renal tubules [60, 61] . In addition, binding of AGE with their receptors such as RAGE is known to enhance the formation of RAS with subsequent activation of NF κ B and release of various cytokines, growth factors, and adhesion molecules [62, 63] . As seen in our study, both lymphocytes and neutrophil infiltrates were observed in the renal interstitium of diabetic rats, which were reduced by LR-90 treatment. Based on this data, we suspect that this new compound could block the inflammation pathways by interfering with AGE formation and protein cross-linking.
Our data with nitrotyrosine formation in renal cortex, a marker of protein oxidation and index of damage related to reactive nitrogen species, showed that LR-90-treatment could decrease oxidative damage to renal tissues. It has been suggested that increased nitrotyrosine concentrations play a major role in early diabetic tubular damage and in the progression of renal disease [64] . Proximal tubular cells produce nitric oxide (NO), which can react with superoxide to form peroxynitrite (ONOO-), a powerful oxidant. Peroxynitrite nitrosylates tyrosine moieties on proteins, producing nitrotyrosine [65, 66] . In vitro studies have suggested that glycation itself can result in the production of superoxide and hydroxyl radicals through transition metal catalysis [9, 67, 68, 69] . Alternatively, ROS generation could involve AGE-RAGE interaction through stimulation of membrane-bound NADPH oxidase [70] . Whether LR-90's interaction with RCS and inhibitory action on AGE formation has some effect on ROS production has not been determined. Also, we cannot rule out the possibility that LR-90 has some effect on NO synthetase (and subsequent NO production) and NADPH oxidase since we did not carry out experiments to test these two possible pathways leading to increased nitrotyrosine production. More recently, a study [50] showed that the increase in CML-AGE and nitrotyrosine staining in rats with diabetic nephropathy can be attenuated by ramipril and aminoguanidine, indicating that ACE inhibition and blockage of AGE formation could involve common pathways such as ROS formation.
How can LR-90 affect AGE formation and free radical generation? At this point, we can only speculate that the strong metal chelation property of LR-90 has the potential to inhibit the autooxidation pathways before and after the formation of RCS, thereby preventing AGE formation and the subsequent free radical generation. Studies on numerous AGE inhibitors and their metal chelating properties showed that these compounds inhibit the autoxidation of ascorbate, prior to the formation of RCS [51] . A recent study suggests that ascorbate could be the primary source of increased chemical modification of proteins in STZ-diabetic rats, as its oxidation product, dehydroascorbate, is also a potent source of both CML and pentosidine [43] . Morever, recent experiments [71] indicate that metal-catalysed oxidation plays a critical role in glucose-induced modifications of the collagen. They observed that transition metals like copper ions can catalyse both glycation (covalent binding of glucose to collagen) and glycoxidation (oxidation of glycated collagen) in a concentration-dependent manner. Of major interest along this context is the suggestion that the glycoxidation-derived CML and possibly other glycated proteins can complex with redox active metals, creating a protein-metal redox active center that could generate free radicals and initiate hydroxy-radical mediated tissue damage [72, 73, 74] . By gradually removing free metal ions from tissues and plasma for excretion in urine, LR-90 could decrease the overall metal-catalysed oxidative damage to proteins in vivo. Additionally, by inhibiting glycoxidation, LR-90 could also delay AGE formation and protein crosslinking, which in turn can reduce free radical production. This was clearly evident from the results of our experiments: the less CML-AGE detected in kidneys, the less AGE-collagen cross-linking in tissues, which eventually resulted to less kidney damage as indicated by reduced incidence of glomerulosclerosis, collagen and nitrotyrosine deposition in the kidney, and lower albumin and creatinine excretions. Nonetheless, our in vitro observation that LR-90 is a potent ribose-derived post-Amadori AGE formation inhibitor [27] suggests that LR-90's effect might not be purely by metal chelation because it is known that browning and crosslinking of proteins by pentoses is independent of metal-catalysed oxidation chemistry [75] . Also, previous studies indicate that only 50% of CML formation originate from oxidation of the Amadori product, and the rest from a pre-Amadori stage largely independent of glucose autoxidation [76] . Thus, to what extent does the metal chelator property of LR-90 affect RCS and ROS production or propagation remains to be investigated. In vivo measurements of glycoxative AGE products such CML and pentosidine, RCS, as well as isolation of products formed between LR-90, RCS and post-Amadori intermediates would help clarify these issues. Measurements of chelatable metals in non-diabetic versus LR-90-treated animals should also provide some information about the mechanism of action of this new compound. More recent mechanistic studies on PM suggests that this compound exerts its action not by binding to post-Amadori and carbonyl intermediates which was previously thought, but probably by interfering with redox metal ions required for glycoxidative AGE formation [77] .
In summary, this study provides preliminary evidence suggesting that LR-90 could be an effective treatment for early renal disease and possibly other diabetic complications where accumulation of AGEs and intermediate compounds are primary contributors. In this regard, we speculate that LR-90 inhibits accumulation of circulating AGE and AGE deposition in tissues either by interfering with metal-catalysed redox reactions of glycoxidative AGE pathways and/or by direct interaction with RCS to prevent AGE formation and protein cross-linking.
